Introduction
As one of the major issues in global environmental changes, drought has attracted widespread attention from both scientists and policy-makers. In the past few decades, terrestrial ecosystems have been experiencing frequent extreme drought events, which have already exerted profound impacts on global economy, food security and terrestrial ecosystems [1] [2] [3] . An extreme drought in Europe during 2003, for example, not only led to a crop shortfall (more than 20%) in Southern Europe, but also caused about 0.5 Pg of carbon to be lost from 5 Author to whom any correspondence should be addressed.
terrestrial ecosystems, which corresponds to four years of net ecosystem carbon sequestration [2] . Moreover, it was also associated with severe heat and resulting health impacts [4] , as well as damage to building infrastructure induced by soil subsidence [5] . In recent decades, East Asia has experienced more severe drought events, particularly in Northern China where the longest drought events and an increasing drought area were observed [6, 7] . The calculated Palmer Drought Severity Index (PDSI) shows that most of the dry land in China has experienced a significant decrease in PDSI during the last 50 years [8] . Drought in China had been more serious in the 1960s, late 1970s to early 1980s, and late 1990s to the beginning of this century than in other periods at a country level [9] . In addition, extreme drought events have been expected to become more frequent and more variable in the future as a result of anthropogenic climate change, but large uncertainties also exist in these projections [10] [11] [12] . Hence, there is an urgent need to understand the factors that contribute to drought, in order to more accurately assess future drought and its impact.
Decrease in soil moisture is a drought indicator more particularly associated with agricultural droughts [13] . Thus, direct investigations of the linkage between soil moisture and climate factors aid in finding key factors that control drought. Several factors, such as temperature, precipitation, solar radiation, and atmospheric CO 2 concentration, regulate soil moisture [14] . Among these factors, change in precipitation has been hypothesized to impose a first-order control on variation in soil moisture at seasonal and annual scales [15] . However, the relationship between precipitation change and soil moisture has not been adequately quantified, because most previous studies focused mainly on responses of soil moisture to precipitation amount. Change in precipitation frequency is also one of the most important characteristics in current climate change [10, 12, 16] , and has been expected to significantly affect hydrological and carbon cycles [17] [18] [19] , but very few studies have investigated the influence of precipitation frequency on soil moisture [20] due to the lack of long-term observation data. In this study, we use summer soil moisture measurement data to explore the change in summer soil moisture in China from 1981 to 2002 and its relationships with precipitation through considering both precipitation amount and frequency.
Data sets and methods
The soil moisture data for five different layers (0-10, 10-20, 20-30, 30-40, 40-50 cm) with a 10 day interval at 169 soil moisture stations were obtained from the National Meteorological Information Center of the China Meteorological Administration. Summer soil moisture is estimated on the basis of the average of soil moisture data for each 10 day interval during the June to August summer period. For each year at each site, if at least one 10 day interval has no data during the summer period, we did not consider the corresponding year at this site as available. Furthermore, in order to reduce the uncertainties caused by a short period of soil moisture measurement, we only consider stations for which at least 15 years of data are available during the 1981-2002 period. Since the primary objective of this paper is to study the effects of climate change on soil moisture, we also excluded stations irrigated during the study period. As a result, a total of 50 stations were used in our study.
The daily precipitation and temperature data for 833 meteorological stations during the 1981 to 2002 period were acquired from the China Meteorological Administration. Summer precipitation frequency is defined as the number of days on which precipitation exceeded a threshold value. Here, five threshold values (0, 5, 10, 15, and 20 mm day −1 ) are considered to obtain different precipitation frequencies (PF0, PF5, PF10, PF15, and PF15) corresponding to different precipitation events. For the daily climate data at the soil moisture stations where corresponding daily precipitation and temperature measurement data are not available, we used the daily climate data from the site nearest to the station.
In order to illustrate the linkage between interannual variation in summer soil moisture and that in summer climate factors, such as temperature, the magnitude of precipitation and number of precipitation days, we calculate a standardized variable (or z-score) for each factor (equation (1) 
SM(i ) represents summer soil moisture or climate factors in year i . (R = −0.70, P < 0.001), while a marginal decreasing trend is observed in PF5 (number of days on which precipitation exceeded 5 mm day −1 ) and PF10 (number of days on which precipitation exceeded 10 mm day −1 ; R = −0.41, P = 0.06; R = −0.38, P = 0.09) as well as precipitation amount (R = 0.36, P = 0.096). There is no statistically significant trend in PF15 (number of days on which precipitation exceeded 15 mm day −1 ) and PF20 (number of days on which precipitation exceeded 20 mm day −1 ) from 1981 to 2002 (P > 0.10). It is likely that soil moisture change, the trend in PF0, PF5, PF10, and PF15, becomes more significant (P < 0.03) through excluding data for 1981 and 1982. (R = 0.82), while the correlation of PF20 with soil moisture is lowest (R = 0.64), even less than that of precipitation amount (R = 0.75) (table 1). Furthermore, the correlation of the number of summer precipitation days with the summer soil moisture changes is higher for a greater soil depth (table 1) . When correlated with observed soil moisture, daily maximum temperature displays a more significant link than daily mean and minimum temperature (as can be expected from its impact on evapotranspiration), but which is still less significant than the correlation with precipitation frequency and precipitation amount. To further understand how the relationship between soil moisture and precipitation frequency varies spatially, we calculate the significance of the correlation between soil moisture in the top 50 cm and PF10 for each site. The results show that, spatially, the correlation is weak for very dry and very wet soils and is much stronger for intermediate values (P < 0.05; figure 3 ). Such change in significance of the correlation between soil moisture in the top 50 cm and PF10 in response to soil moisture in the top 50 cm is still statistically significant even if we exclude two sites with the lowest summer soil moisture. In extremely dry areas, strong evaporation processes ensure that slight increases in precipitation frequency have only limited effect on soil moisture. On the other hand, in extremely wet areas, strong runoff causes a limited effect of precipitation frequency change on soil moisture.
Results
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Discussion and summary
Drought is one of the most severe problems in China, and has attracted widespread attention from both scientists and policy-makers. On the basis of inter-decadal change in summer precipitation, previous studies have presumed that South China has experienced more floods, while North China has seen more droughts since the 1980s [21, 22] . However, the temporal trend and spatial pattern of drought in China still remain largely uncertain, since long-term records of a key variable related to drought, soil moisture, are sparse [23] . Results presented in this study suggest that summer soil moisture in most stations of North China experienced an overall decrease during 1981-2002, which supported the conclusion that most of North China has undergone severe drought since the 1980s [21] . This region is mainly the rain-fed agricultural area in China, and such increasing drought may result in decrease in agricultural production, and can even impact the drinking water supply for local people.
In order to monitor and predict changes in drought, numerous specialized indices, such as Thornthwaite's moisture index (I m ) [24] and PDSI [25] , have been widely applied in previous studies. It should be noted, however, that these drought indices are generally driven by monthly precipitation amount and temperature, and precipitation frequency is not taken into account. For example, in the current report of the IPCC [12] , change in drought over land surface is evaluated on the basis of PDSI and monthly precipitation amount and temperature. The results presented here, however, challenge the results of these previous studies. This is because our correlation analysis suggests that soil moisture is more strongly related to precipitation frequency than precipitation amount, thus implying that the impact of precipitation frequency changes on soil moisture and resulting drought should not be ignored. Previous experimental studies have indicated that for mesic grassland ecosystems of North America, a decline in the number of precipitation days without a modification of the total precipitation amount clearly decreased the soil water content, and thus led to a decrease in vegetation productivity [20, 26] . This is consistent with the results presented in this study. Hence, we find that there is a strong positive correlation between summer soil moisture and precipitation frequency.
Changes in soil moisture depend on the balance of precipitation, runoff, and evapotranspiration. Our results suggest that our ability to use precipitation frequency changes to explain the variation of soil moisture depends on the discriminating criteria applied to distinguish among precipitation events (table 1) . For example, both PF0 and PF5 have lower explanation of variations in soil moisture change than PF10, perhaps indicating the limited effect of too small precipitation events (e.g., less than evaporative demand of atmosphere) on soil moisture. On the other hand, if the threshold value used to quantify precipitation frequency is larger than 10 mm day −1 (e.g., 15 and 20 mm day −1 ), the explanation of precipitation frequency for soil moisture is likely to decline in value (as suggested by the lower correlation), presumably because the increase in runoff associated with large individual precipitation events partly cancels out the effect of precipitation frequency.
Conclusions
We conclude from our statistical analysis of observational soil moisture data that changes in summer precipitation frequency significantly influence summer soil moisture dynamics. Our results do not only suggest that estimations based solely on monthly temperature and precipitation amount might not be able to fully capture climate change induced soil moisture changes, but also imply that the near-future evolution of soil moisture partly depends on the change in precipitation frequency and intensity over time. If precipitation frequency is lower in the future, as characterized by the IPCC [12] , the interior of the continents in the northern hemisphere may become more susceptible to droughts in this century.
